The load-duration, or creep-rupture, behavior of wood and wood composite products has been studied extensively by numerous researchers, and simplified design procedures to account for creep effects are in place. However, the load-duration behavior of composite products made out of the combination of wood and plastic is not well understood or documented. Currently, wood-plastic composite ͑WPC͒ products are available on the commercial market, yet no standardized design procedures to account for creep or load-duration effects exist. Given the lack of understanding of the load-duration behavior of wood-plastic composites, a research effort was initiated to investigate the load-duration behavior of various wood-plastic composite formulations and to compare the observed behavior to that of solid sawn lumber. It was found that the wood-plastic composite formulations tested exhibited a more pronounced load-duration response than that of solid wood; however, the behavior trend was similar to that of solid wood and was successfully modeled using an exponential damage rate model originally developed for solid wood. Existing procedures for developing load-duration design adjustment factors for wood were used to develop load-duration design adjustment factors specifically for the WPC formulations tested.
Introduction
One of the important characteristics affecting many materials including wood, plastic, and wood-plastic composite materials used in structural applications is their time-dependent behavior. This behavior can be divided into two separate, yet related, phenomena known as creep and creep-rupture. Creep is the increase in deformation over time while subjected to a sustained load. Creeprupture, or load-duration behavior, is the eventual failure of the material under sustained load due to increased deformation over time ͑creep͒. Both have a significant effect on wood-plastic composite ͑WPC͒ product performance and are important issues to consider in structural applications ͑Sain et al. 2000͒ . However, from a design standpoint, the creep-rupture behavior of a material is of particular interest due to collapse and life-safety implications.
The load-duration behavior of composite products made out of the combination of wood and plastic is not well understood or documented. Currently, wood-plastic composite products are available on the commercial market, yet no standardized procedures to test for or to account for load-duration effects exist. With the emergence of numerous wood-based composites, including WPC products, the American Society for Testing and Materials ͑ASTM͒ Committee D-7 has initiated the development of a standardized set of procedures and performance criteria for evaluating load-duration behavior of wood and wood-based products ͑ASTM 2001͒. The standard was in the early draft stages at the time this research was conducted, and a concerted effort was made to keep abreast of its development, adhere to the procedures outlined in it whenever possible, and evaluate the WPC formulations tested against the performance criteria supplied.
Given the broad spectrum of work that must be done before the creep and load-duration behavior of WPC materials is understood, it was necessary to carefully define the scope of work for this project. Thus, the focus of this research effort was to evaluate the load-duration behavior of a select group of near full-sized wood-plastic composite structural products and to propose design procedures to account for load-duration effects that are compatible with current design procedures for wood and traditional wood composite products.
Background
Numerous researchers have extensively studied the creep and creep-rupture, or load-duration, behavior of wood and traditional wood composite products. Several comprehensive reviews of load-duration research and damage modeling for wood and wood products exist ͑Karacabeyli 1988; Fridley 1992 Nelson 2000͒ ; thus, only research directly relevant to this experimental study will be reviewed herein.
Wood ͑1951͒ collected time-to-failure data for small, clear specimens of Douglas fir subjected to constant center span loads ranging from 60 to 95% of the short-term strength observed in static tests of matched samples. A hyperbolic model was then fit to the time-to-failure data assuming a stress threshold below which the specimen would not fail. Eq. ͑1a͒ gives the general form of the model and Eq. ͑1b͒, better known as the ''Madison curve,'' gives the model calibrated by Wood: Barrett and Foschi ͑1978͒ developed two damage accumulation models based on the data collected by Wood ͑1951͒. The first model ͓Eqs. ͑2a͒ and ͑2b͔͒ is capable of modeling creep-rupture data of a linear form ͑where time-to-failure is a linear function of stress͒, which they found to adequately represent the vast majority of creep-rupture data for wood. It can be written as follows:
where ␣ϭstate variable representing damage ranging from zero, meaning no damage is present, to one, corresponding to failure; d␣/dtϭrate of damage accumulation with respect to time; ϭratio of applied stress to static test strength; o ϭstress threshold below which no damage occurs; and A, B, and C are model constants determined from test data. The second Barrett and Foschi ͑1978͒ model ͓Eqs. ͑3a͒ and ͑3b͔͒ is able to model creep-rupture data of a bilinear form ͑where time-to-failure is a bilinear function of stress͒ and was found to provide a better fit to the constant load data of small clear specimens. It is similar to the first model and takes the following form:
where all parameters are as defined previously. Gerhards ͑1977, 1979͒ proposed an exponential cumulative damage approach to modeling load-duration behavior. Again, data from tests of small clear specimens was used. The model ͓Eq. ͑4͔͒, which evaluates the amount of damage accumulated using an exponential decay format, commonly referred to as an exponential damage rate model, or EDRM, is given as:
where all parameters are as defined previously. Further work by Gerhards and Link ͑1987͒ included calibrating the EDRM to load-duration data from tests of Douglas fir 2ϫ4 s ͑38ϫ89 mm͒, proving that the model applied not only to small clear specimens, but to full-sized lumber as well. Building upon the second Barrett and Foschi model, yet taking a somewhat different approach, Foschi and Yao ͑1986͒ proposed a more complicated damage accumulation model ͓Eq. ͑5͔͒. Unlike the previously developed models, the Foschi and Yao model is a function of the actual applied stress as opposed to a function of the applied stress ratio. Their model can be expressed as
where ϭapplied stress; 0 ϭstress threshold; Dϭadditional model constant determined from test data; and all other model parameters are as defined previously. Foschi and Yao concluded that their model provided a more accurate description of the loadduration behavior of lumber than the second Barrett and Foschi model; however, solving for five model constants in a consistent and accurate manner proved to be troublesome. Gerhards ͑1988, 1991͒ continued investigating the loadduration behavior of full-sized lumber and found that the allowable bending stress for lumber seemed to be nonconservative for design loads that really exist for the design duration. Based on the data obtained from previous tests and following the methods used in developing the NDS adjustment factors, Gerhards ͑1988͒ used his own load-duration equations to propose modifications to the load-duration adjustment factors used in the design of timber structures. These proposed adjustment factors resulted in lower design values regardless of the design load duration under consideration. Gerhards also concluded that there was no evidence to support the claim of a stress threshold below which no damage occurred. This discovery was in direct contrast with the models developed previously by Wood ͑1951͒, Barrett and Foschi ͑1978͒, and Foschi and Yao ͑1986͒. Additionally, Gerhards ͑1991͒ concluded that shorter duration of load effects should be the primary focus for those concerned with designing safe timber structures.
Very little documentation exists detailing research focusing on the load-duration behavior of wood-plastic composites. Sain et al. ͑2000͒ acknowledges that, due to the nature of the material and its complexity there is no general agreement, strategy, or tactic concerning how to experimentally measure the creep behavior of these composite materials. Sain et al. ͑2000͒ focused on the creep fatigue behavior of engineered wood fiber and plastic compositions. The formulations tested were polyvinyl chloride ͑PVC͒, polyethylene ͑PE͒, or polypropylene ͑PP͒ based and contained a constant 30% wood fiber by weight. The effects of including maleated polyethylene or polypropylene as a coupling agent were also investigated. Coupon level flexural creep tests were conducted with stress ratios ranging from 10 to 50%. Sain et al. ͑2000͒ found that creep behavior was a strong function of the 
Materials
Four wood-plastic composite formulations were selected for evaluation. The first formulation was produced with polyvinyl chloride ͑PVC͒, and the remaining three were produced with high-density polyethylene ͑HDPE͒. The HDPE 8 formulation contained the following processing aides: 2% zinc stearate ͑Ferro Chemicals Synpro DLG-20B͒ and 1% EBS wax ͑GE Specialty͒. Another of the three HDPE formulations contained an ethylenemaleic anhydride polymer, MAPE, which is a commercially available coupling agent added to strengthen the bond at the interface between the polyethylene and wood fibers. Table 1 provides the material composition of each formulation and gives the percentage used by weight.
All materials were dry blended in a 1.2 m ͑4 ft͒ diameter drum mixer in 20 kg ͑44 lb͒ batches. The dry mixture was then loaded into the hopper of a conical counter-rotating twin screw extruder ͑Cincinati-Milicron E55͒ and a two-box cross section was extruded using a stranding die ͓Laver, U.S. Patent No. 5,516,472 ͑1996͔͒ and cut into 2.44 m ͑8 ft͒ lengths. Process temperatures are provided in Table 2 . Fig. 1 shows the two-box cross section, and Table 3 summarizes the nominal section dimensions and selected properties.
Static Bending Tests
Twenty-eight specimens were weighed to the nearest gram on a digital scale, and cross-sectional dimensions were measured to the nearest 0.025 mm ͑0.001 in.͒ with digital calipers. Procedures outlined by Haiar ͑2000͒ for determining the strong-axis modulus of rupture ͑MOR͒ for structural wood-plastic composite beams were followed. The test method specifies that ASTM D198 ͑ASTM 1998͒, a standard test method for determining properties of structural lumber, be followed with two exceptions: load rate and span length. Haiar recommended that the load rate be calculated according to ASTM D790 ͑ASTM 1997͒, a standard test method for determining flexural properties of unreinforced and reinforced plastics. The standard specifies that the load be applied such that the rate of strain in the outer fiber is 0.01 mm/mm/min ͑0.01 in./in./min͒. Based on nominal section dimensions, this corresponded to a load rate of 62.5 mm/min ͑2.46 in./min͒. Haiar ͑2000͒ recommended that the ratio of support span length to radius of gyration be used to determine the test span; however, a span consistent with that of the load-duration test frames, 1.83 m ͑6 ft͒, was used. Similarly, the load was applied at third points, or 610 mm ͑24 in.͒, from the end reactions to be consistent with the load-duration frames ͑see subsequent discussion͒. Lateral bracing was provided along the span to prevent lateral-torsional buckling.
Each specimen was subjected to a ramp load applied through a computer controlled hydraulic actuator until failure occurred. A spreader beam was used to evenly distribute the single point load of the actuator into the two point loads applied to the specimen. Center span displacement was measured using a linear position transducer accurate to Ϯ1.27 mm ͑0.05 in.͒. A computerized data acquisition system recorded load-displacement data, maximum load, and time-to-failure for each specimen. 
Determination of Loads
Cross-sectional dimensions and maximum load data from static bending tests were used to calculate the modulus of rupture ͑MOR͒ for each specimen, and a mean ultimate bending stress was determined for each formulation. Since the focus of this experimental study was on the creep-rupture behavior of the material, stress levels needed to be selected so as to promote failure within the time frame selected for testing. High-load, shortduration tests also provide data critical to addressing serviceability creep issues. Thus, 95, 90, 80, 70 , and 50% stress levels were targeted, and these percentages of the mean ultimate bending stress were calculated. Table 4 provides a summary of the calculated stresses for each formulation.
After initiating the load-duration tests, subsequent testing investigating the effect of load rate ͑Brandt 2001͒ produced results differing from those obtained in the initial static bending tests. In this second series of tests, the same rate-of-load produced MOR values between 10 and 20% higher than those obtained from the initial static bending tests. The only differences between the two experiments were the type of test equipment used and, more importantly, the environment in which the tests were conducted. A computer-controlled hydraulic actuator was used in the initial static bending tests, while a computer-controlled screw driven testing machine was used for the load-rate tests. The initial static bending tests were performed in an open laboratory environment where temperature was not closely monitored or regulated, because a controlled atmosphere facility capable of testing specimen of this size did not exist at the time. The subsequent load-rate tests were performed at a later date in a newly established largescale temperature-controlled testing environment ͑Brandt and Fridley 2002͒. Temperature, which is the primary environmental consideration for WPC materials, and relative humidity were monitored during the load-rate experiment and found to fluctuate between 21 and 23°C ͑70 and 73°F͒ and between 20 and 30% relative humidity ͑RH͒, respectively. These conditions closely match the conditions under which the duration-of-load tests were conducted. In an attempt to determine which values should be used as the basis for the stresses applied in the load-duration tests, the load-rate setup was used to perform a limited number of shortduration load-duration tests. Five specimens from three of the four formulations ͑the HDPE 67.5 with MAPE was not available͒ were ramp loaded to the original 95% stress level, and then a constant load was maintained until failure. The time-to-failure data from these experiments was found to agree well with the time-to-failure data from the load-duration tests for the same stress level, indicating that the setup and environmental conditions were quite similar. These results, combined with the knowledge that thermoplastics are subject to temperature effects ͑Haiar 2000͒, led to the conclusion that the MOR data from the load-rate experiment was a more accurate representation of the static strength than that of the original static bending tests. Given that several load-duration tests were already complete, it was decided that the stresses defined in Table 4 would continue to be used, but the stress ratios would be recalculated to reflect the increase in actual static strength. Table 5 gives the original and corrected stress ratios for each formulation. The test setup used for both the load-rate tests and the short-duration tests is shown in Fig. 2 .
Load-Duration Tests
The small coefficient of variation ͑COV͒ associated with the calculated material properties ͑Table 4͒ of WPCs and the desire to obtain mean time-to-failure values made it possible to select a sample size of five for each stress ratio. Twelve test frames ͑shown in Fig. 3͒ , capable of testing two specimens each, were used for the load-duration tests. The frames were specifically designed to conduct strong-axis creep and load-duration tests. Each frame provides lateral bracing, a support span of 1.83 m ͑6 ft͒, and two equal point loads applied with a spreader beam at the third points, or 610 mm from the supports. Concrete or steel weights hung from a 410-mm-diameter pulley, providing an approximate 8:1 mechanical advantage, were used to supply the specified constant stress. Each specimen was subjected to a constant stress for 90 days, or until failure occurred. A 254 mm ͑10 in.͒ linear position transducer, accurate to Ϯ0.13 mm ͑0.05 in.͒, was used to measure center span displacement. Data acquisition software recorded displacement versus time measurements every 30 s. The laboratory space where the load-duration tests were conducted was maintained at a nearly constant 21°C ͑70°F͒ with a thermostat-controlled heating system. The tests were conducted primarily in the winter months; consequently, there was no need to provide thermostat-controlled cooling as well.
Results
A displacement versus time curve was generated for each specimen. Figs. 4 -7 illustrate a typical curve for each formulation at the lowest stress level tested. In general, the displacement-time behavior trend of the WPC formulations tested is comparable to the trend observed for solid sawn lumber at similar stress levels ͑Fridley et al. 1992a͒. The observed response included similarities of an initial elastic deflection followed by a primary creep phase. WPCs, however, produce a tendency toward a prolonged viscoelastic primary creep phase and an apparently low contribution of pure viscous behavior, which occurs in the secondary creep phase. The displacement versus time curves provide a graphical means of examining the response of the materials to constant stress over time. Of particular interest is the rate at which the material deforms with respect to time, also known as the rate of creep. Examination of Figs. 4 -7 shows that the rate of creep decreases over time for the PVC and HDPE 8 formulations, and that the rate of creep decreases for a period of time, but then increases for the HDPE 67.5 and HDPE 67.5 with MAPE formulations followed by a decrease in rate over the final interval for the HDPE 67.5 formulation. For the HDPE 67.5 with MAPE formulation, three of the five specimens failed prior to reaching the time at which the increased creep rate was observed in the other two specimens. Average creep rates for each formulation at the lowest stress level were calculated over specific time intervals and are listed in Table 6 .
Plots of the applied stress ratio ͑SR͒ versus the time-to-failure are the traditional method for evaluating the load-duration performance of a material and for developing adjustment factors. Figs. 8 -11 show the time-to-failure plots for each formulation. For convenience, the time axis is plotted on a logarithmic scale. An arrow next to a data point indicates that the specimen did not fail during the 90-day test duration. Additionally, the plots contain two reference lines: Gerhards' ͑1988͒ EDRM, calibrated for Select Structural Douglas fir 2ϫ4s, and the Madison curve ͑Wood 1951͒. Finally, the plots contain curves generated by performing a least squares regression fit of the data to both Gerhards' EDRM and Wood's model. Regression was performed using only data points resulting from specimen failure; that is, if a specimen did not fail during the 90-day test period, the data point was excluded from the regression analysis. Constants for both models are provided in Table 7 . It should be noted that a regression analysis was performed using all data points and that the results differed only slightly from the analysis performed using only data from specimen failure. It is obvious from a visual examination of the plots that the load-duration performance of the WPC formulations tested differs significantly in many aspects from the load-duration performance of solid sawn lumber. This is evident in the relatively short times to failure when compared with the solid lumber data represented by the two calibrated models. The two models, Gerhards' ͑1979͒ EDRM and Wood's ͑1951͒ hyperbolic model, were both developed using data obtained from tests conducted on lumber; however, they both provide a reasonably good fit to the WPC data, with the EDRM providing the best fit. Goodness of fit was determined by evaluating the standard error of the estimate and by visual inspection. Standard errors of the estimate and the coefficients of determination are given in Table 8 .
It is important to note that, although the model constants A and B ͑Table 8͒ for the EDRM are different from those calculated for solid lumber, the regression statistics are quite similar to those presented by Gerhards ͑1988͒ and Fridley et al. ͑1992b͒ from tests of Douglas fir. This indicates that the EDRM represents the load-duration response of the WPCs tested equally well as that of solid wood.
One of the difficulties encountered with Wood's model, however, is the assumption of a stress threshold below which no damage occurs. Given that high-stress, short-duration tests were the focus of this research, it was not possible to determine if or at what stress a threshold may exist. Pooler ͑2001͒ found a threshold at a stress ratio of approximately 43% in tests conducted on HDPE 8 coupons; however, replacing the 0 parameter with this constant did not improve the model fit or regression statistics. In fact, the model fit and regression statistics were poorer than when the parameter was determined through the regression analysis. For the remaining formulations, the uncertainty surrounding the existence and location of a threshold made estimating model parameters quite difficult and may partially account for the poor fit to the data. Additionally, the data does not lie in a pattern char- Fig. 10 . Time-to-failure plot: HDPE 67.5 Fig. 11 . Time-to-failure plot: HDPE 67.5 with MAPE acteristic of a hyperbolic curve, so Wood's model provides a good fit to certain regions of the data, but returns a poor fit at one or both tail regions. The linearity of the data, when plotted on a semi-log scale, results in a good fit for an exponential model such as Gerhards' EDRM. Fig. 12 compares the EDRM curves generated for each formulation and contains the select structural EDRM from Gerhards ͑1988͒ as a point of reference.
Examination of the model calibrated by Gerhards ͑1988͒ for solid sawn lumber reveals that the curve crosses the 100% stress ratio line at approximately 15 min, which corresponds to the timeto-failure observed in the ramp load static tests. Examination of the intercept of the EDRMs generated through least squares regression yields intercept values ranging between 0.0015 and 0.20 min, while ramp load static test time-to-failure values ranged from 0.80 to 1.03 min. This suggests that the extremely short duration response of the material is not well modeled with the Gerhards damage accumulation model. However, this form of the damage accumulation model assumes a condition of constant stress, not a ramp loading condition where stress is variable; thus, it is not unexpected that a difference in predicted failure times was observed. The difference between the two results can be explained by an examination of the damage accumulation for the two types of tests. Load-duration, or constant stress, tests have a constant rate of damage accumulation that begins immediately after the stress is applied. If the stress level is high, then the amount of damage accumulated over a short period of time is quite large with respect to the amount of damage necessary to induce failure. However, for a ramp load test, the rate of damage accumulation is exponentially increasing with stress level, starting at zero, and the cumulative amount of damage is very small for the majority of the test when compared with the amount of damage necessary to induce failure. Only when stresses are near ultimate does any substantial amount of damage accumulate. Thus, it can be expected that constant stress tests will yield shorter durations for high stresses than a ramp load test, unless the ramp load is applied at a rate significantly higher than that specified for static testing. This concept is fully discussed by Fridley and Rosowsky ͑1994͒. Even without the previous explanation, the setback of a discrepancy between the model and ramp load data is a small one and can be considered inconsequential, because the long-term behavior is the primary focus of interest. It should be noted that Fridley ͑1990͒ observed similar problems with the damage model not returning exact values for ramp loading and concluded that the drawback is not a crucial fault in the model, because short-term behavior can be handled by other traditional means.
It appears, in Figs. 8 -11 , that the EDRM curves for the WPC formulations are a parallel shift of the EDRM curve for Douglas fir. This would indicate that the behavior is quite similar to that of solid wood and that the difference in performance could be accounted for by reducing the published design value by a scaling factor. This reduction would shift the EDRM curve so that it overlays the EDRM curve for Douglas fir, and consequently the load-duration adjustment factors suggested by the NDS could be applied to WPCs as well. Unfortunately, this is not the case. Although the difference between the WPC EDRMs and the Douglas fir EDRM appears to be a nearly parallel shift, one must recall that the time axis is plotted on a logarithmic scale. Shifting the EDRM curves so that they overlay the Douglas fir EDRM reveals that a rotation of the curves occurs in addition to the shift. The presence of a rotation implies that the load-duration behavior of the two materials is not exactly the same. Thus, two options are available for accounting for the load-duration behavior of WPCs in design. First, a new set of adjustment factors can be determined using existing methods that are used for solid wood products. The load-duration behavior of WPCs is similar enough to that of solid wood that the generalized procedures in ASTM D245 ͑ASTM 1993͒ can still be applied. Or, if consistency with the existing National Design Specification for Wood Construction ͑NDS͒ ͑AF&PA 1997͒ factors is targeted, the published bending strength values can be reduced by a scaling factor so that the WPC EDRM curves intersect the Douglas fir EDRM at the 10-year duration. This results in accurate predictions of strength at the ten-year duration and increasingly conservative predictions of strength for shorter durations. A comparison of the load-duration behavior of the WPCs tested and that of solid sawn lumber indicated that the behaviors were similar, thus allowing load-duration factors to be determined using methods developed for wood. Factors listed in the NDS are based on the procedures outlined in ASTM D245. The method consists of establishing allowable design values based on a normal duration of 10 years. A predictive model is extrapolated out to 10 years and a reference stress ratio ͑SR͒ is established. This reference SR is the stress that can be withstood for a ''normal'' 10-year duration. The allowable value, typically obtained using a 5% exclusion limit, is reduced by dividing it by the reciprocal of the reference ten-year SR, as is shown in the following:
where f 10 ϭdesign value that will be published for a 10-year duration; f allow ϭallowable, or 5%, exclusion limit value obtained from test results; and SR 10 ϭreference 10-year SR. It is important to note that, for wood, a 1.3 safety factor is also applied to the allowable value before it is published. A load-duration adjustment factor of 1.0 is then assigned to loads with a 10-year duration.
Interpolation along the curve of the predictive model is used to determine other stress ratios for given durations, and these values are then normalized by the 10-year SR to obtain the corresponding adjustment factors. The generated EDRM curves for the WPCs and the procedures in ASTM D245 ͑ASTM 1993͒ were used to develop load-duration factors for the four WPC formulations tested. Fig. 13 graphically presents the adjustment factors for various load durations between 2 min and 10 years and also includes the NDS curve. Table 9 lists the load-duration adjustment factors for each formulation along with the adjustment factors published in the NDS ͑AF&PA 1997͒ for wood over the same range of durations. Fig. 13 shows that it would be possible to use the NDS design factors for the WPC formulations tested, but the factors become increasingly and overly conservative as the design duration of loading becomes shorter.
Alternatively, it is possible to develop load-duration adjustment factors based on a shorter duration than the arbitrary tenyear duration used in the NDS. Some may be more comfortable with this approach, because the data collected are from a relatively short duration. However, using a duration shorter than 10 years is merely a different means of presenting the same information, because the parameters of the predictive model do not change. The use of factors based on a short duration ͑such as is done in LRFD for wood͒, however, will become increasingly nonconservative as the distance from the reference point becomes larger. It is important to note that a reliability assessment was not conducted in this analysis, but is necessary to determine the applicability of the published LRFD time-effect adjustment factors ͑AF&PA 1996͒.
ASTM D-7 Evaluation
Previously, it was mentioned that the ASTM D-7 committee was in the process of drafting a standard for evaluating the creep and load-duration performance of wood and wood-based products.
The standard is currently in the balloting stage and should be released in 2002 ͑Tichy, personal communication, 2001͒. A copy of the proposed standard was obtained for the purpose of comparison. The intent of the standard is to aid in the load-duration evaluation of products such as structural composite lumber and structural-use panels that exhibit load-duration behavior similar to that of solid sawn lumber. The standard outlines criteria that must be met in order to apply the load-duration adjustment factors developed for solid wood. Other products, such as WPCs, may be evaluated using the standard, but it was not designed to project the duration-of-load performance beyond the test timeframe for materials that may have mechanisms different from that of solid wood, such as WPCs ͑ASTM 2001͒. Given this information, the WPC formulations were evaluated against the performance criteria. Differences exist between the test outlined in the standard and those performed as part of this research; however, valid comparisons can still be made. These differences include the number of specimens tested and the stress applied. The standard requires a minimum of 28 specimens, and only five were tested in this study. The standard also requires that the stress applied be 55% of the lower 5% point estimate of static strength, while stresses tested in this study are listed in Table 4 . The stress required by the standard was calculated for each formulation and found to lie between the two lowest stresses tested; thus, data from the tests at both stress ratios will be used in the evaluation as conservative and nonconservative bounds. Table 10 lists the upper and lower stress ratio bounds and the calculated stress ratio required by the standard. Three performance criteria are used to evaluate load-duration behavior. All three must be met for product acceptance and application of NDS load-duration adjustment factors. To establish adequate strength over the 90-day duration, the standard requires that the number of failures be less than the critical order statistic of the nonparametric tolerance limit. To ensure that the material is not entering the tertiary creep phase, the creep rate must be decreasing over a minimum of three successive equally spaced time increments. Finally, to guard against excessive deformations, fractional deflection at the end of 90 days must be less than 2.0. Fractional deflection is the ratio of final deflection to deflection measured 1 min after the stress is applied. Results of the evaluation are provided in Tables 11-13 .
Examination of the values in Tables 10-12 indicates that three of the four formulations tested fail to meet the requirements of the draft standard based on fractional deflection at the lower bound stress ratio. The PVC formulation would need to be tested at the stress ratio required by the standard in order to determine whether or not it meets the acceptance criteria.
Conclusions
Through an experimental study of the load-duration behavior of selected WPC formulations, it was found that the PVC and HDPE 8 formulations showed a decreasing trend in creep rate over time at the lowest stress level, which would indicate the onset of a viscous secondary creep phase. However, the HDPE 67.5 and HDPE 67.5 with MAPE formulations did not exhibit decreasing trends in creep rate. HDPE 67.5 showed a significant increase in creep rate over the 80,000-100,000 min range, followed by a reduction in creep rate over the final interval. Of the HDPE 67.5 with MAPE formulations that did not fail prior to reaching the third interval, a significant increase in creep rate was also observed, indicating the potential onset of a tertiary creep phase. Examination of the displacement versus time plots for the two specimens that failed during the 80,000-100,000 min range indicates the presence of tertiary creep behavior resulting in failure. Tests conducted for longer durations and at lower stress levels may reveal the existence of secondary and/or tertiary phases for all formulations. It was observed that the WPCs exhibited a more pronounced load-duration response than that of solid wood. The difference is evident in the shorter times to failure for the WPC formulations at all stress levels tested.
The load-duration behavior trend of the selected WPC formulations was determined to be similar to that of solid sawn lumber, although a rotation of the exponential damage rate model ͑EDRM͒ curves was observed. When existing models used for describing the load-duration behavior of solid wood were fit to the experimental data, it was found that the EDRM developed by Gerhards ͑1979͒ provided a fit similar to the fit observed for solid wood, both visually and from examination of the standard errors of the estimates. The uncertainty surrounding the existence of a stress threshold value resulted in difficulties fitting Wood's model to the data. Inserting the stress threshold determined by Pooler ͑2001͒ as a constant into the regression analysis for HDPE 8 resulted in poorer regression statistics than when the parameter was determined through the regression analysis.
Given that the load-duration behavior trend is similar to that of solid sawn lumber, it was possible to apply the existing methodology for developing adjustment factors for load-duration effects. Load-duration factors were calculated and range from 1.0 at 10 years ͑to be compatible with current NDS methodology͒ to 3.20 at 2 min. Additionally, it was found that the existing NDS loadduration adjustment factors can be conservatively applied if the WPC published bending strength were reduced by a factor determined by shifting the WPC EDRM curve to match the EDRM calibrated for Douglas fir at the ten-year duration. However, it should be acknowledged that the load-duration response of WPCs differs enough from that of solid lumber and traditional wood composite products that efficient design and economical use of the material can only be achieved if alternative adjustment factors, such as those proposed in Table 9 , are used.
Finally, the WPC formulations were evaluated at stress levels bracketing the stress level required in the proposed ASTM D7 standard for evaluation of load-duration behavior of structural composite lumber and structural-use panels or similar products. Although the standard does not directly apply to WPCs, an evaluation was performed nonetheless to determine if the existing loadduration adjustment factors could be applied to the selected WPCs. PVC was found to be the only formulation that could potentially meet all three performance requirements, but an experiment exactly following the provisions of the standard would have to be conducted to verify this. The other three formulations failed to meet the fractional deflection requirements at a stress level below the stress level required by the standard, thus eliminating their chance to meet all three requirements at a higher stress level.
One area of need that future research will need to address is the environmental effect on the WPC duration-of-load behavior. For solid and traditional wood products, the effects that both temperature and relative humidity have on the duration-of-load behavior have been and continue to be studied. For WPC materials, temperature will be the more dominant factor to be considered.
